This study experimentally investigated the dense phase pneumatic conveying in a horizontal rectangular channel using the fluidizing air. The powder used the glass beads belongs to Geldart B particle, where the mean particle diameter is 127 m, the particle density is 2623kg/m 3 and the minimum fluidizing velocity is 12.3mm/s. The experimental device consists of a powder discharge vessel, a horizontal rectangular channel at the side of vessel and the air supply section at the bottom of the vessel and the horizontal channel. The powder was fluidized by air through the porous membrane of the air supply section at the bottom of the vessel and the horizontal channel. Then, this system can be conveyed the fluidized powder. As the result, we confirmed the requirement that the fluidizing air to the bottom of the powder discharge vessel was required to the powder conveying of this system, and that the fluidizing velocity at the bottom of the horizontal channel was larger than that of the minimum fluidizing velocity. This result means that the fluidizing velocity at the bottom of the vessel and the horizontal channel is important to obtain the stable powder conveying. The mass flow rate and solid loading ratio were estimated by the measured data of the mass of transported powder. In addition, these results were compared with the conveying characteristic of the glass beads of 53 m belongs to Geldart A particle. Then, the mass flow rate of Geldart A particle was higher than that of Geldart B particle. The solid loading ratio of the Geldart A particle was also greatly large to that of Geldart B particle. Therefore, we considered that the high conveying efficiency to Geldart A particle was obtained, when the dimensionless fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel were same condition.
Introduction
Pneumatic conveying system is widely used in various powder handling processes such as food, pharmaceutical and chemical engineering industries. There are disadvantages in this system such as high power consumption and breakage of particle. Dense phase pneumatic conveying in a pipeline is applied to avoid these disadvantages [1] . Therefore, many researchers were investigated the flow characteristics on this conveying system [2] [3] [4] [5] . From these studies, we can understand that the minimum transport boundary and the flow pattern are important to operate the dense phase pneumatic conveying in a horizontal pipeline. On the other hand, there are disadvantages in the dense phase pneumatic conveying such as the generation of pipe blockages, the intermittent powder conveying and the increased in power consumption depends on the influence of the pipe wall compared with the mechanical conveying [1, 6] . Therefore, it is necessary to investigate how to reduce these disadvantages.
Using fluidized gravity conveyors known as air slides is one method for dense phase pneumatic conveying. This type of conveyor consists of an inclined channel in which powder flows under the influence of gravity. Powders such as Geldart A and B particles [7] are fluidized in the channel for powder conveying by air flow through a suitable distributor [8] . In this system, the particle-particle force and the frictional force between the particle and the channel surface can be reduced by the fluidizing air [9] , giving the fluidized gravity conveyor the advantages of low solid velocity with little attrition loss, high mass flow rate and low specific power consumption [8] . In addition, this conveyor can be avoided from disadvantages such as pipe blockage and intermittent conveying. Therefore, the flow characteristics of fluidized gravity conveyors have also been examined [4, [10] [11] [12] [13] [14] [15] .
We noticed from these earlier studies [4, [11] [12] [13] [14] [15] that the powder was discharged from a hopper on the upside of a channel by the free fall, and was transported by applying air to the channel. However, if the discharge of the powder from a hopper by the free fall is not sufficient, the use of this conveying system will be limited. Moreover, we could not understand the conveying characteristics of fluidized powder in detail when the discharge of the powder from a hopper by the free fall was not used. Therefore, we experimentally examined the conveying characteristics of fluidized powder in an enclosed horizontal rectangular channel without the discharge of the powder from a hopper by the free fall [16] [17] . This conveyor is consists of a powder discharge vessel and a horizontal rectangular channel placed at the side of the vessel. In the previous study, we used the glass beads belong to Geldart A particles. As the result, we found that the fluidized powder could be conveyed smoothly when air was supplied to the bottom of the vessel and the air velocity at the bottom of the horizontal channel exceeded the minimum fluidizing velocity. Further, the characteristic of the flow pattern in the discharge vessel and the horizontal channel was obtained [16] . In addition, we indicated that the effect of fluidizing velocity at the bottom of the powder discharge vessel and the horizontal channel on the limitation of powder conveying in this system, and that the high dense powder conveying was feasible in this system [17] . However, the effect of the particle properties to the fluidized powder conveying in this system could not be understood.
In this study, we experimentally investigated the fluidized powder conveying in a horizontal rectangular channel using glass beads belong to Geldart B particle. We discussed the conveying characteristics such as the mass of transported powder, the mass flow rate and the solid loading ratio when the fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel were varied against the minimum fluidizing velocity. Further, we also examined the conveying characteristics on the different particle.
Nomenclature dp 
Experiment
Fig .1 shows a schematic diagram of experimental apparatus. The powder conveying system is that consist of an opened powder discharge vessel, an enclosed horizontal rectangular channel and a receiving tank. The supply section of the air was placed at the bottom of the powder discharge vessel and the horizontal channel. An opened powder discharge vessel was used to the acrylic pipe where the inside diameter is 241mm and the height is 1000mm. A horizontal rectangular channel which has the width and height of 30mm and the conveying length of 1000mm was made from the acrylic plate. The porous membrane having the thickness of 6mm was arranged in the bottom of the vessel and the horizontal channel to give a uniform upward flow of air. As the supply of fluidizing air, the flow rate of air was adjusted by the mass flow controller.
The mass of discharged powder from the exit of horizontal channel was measured by a load cell at the bottom of receiving tank. Also, we measured the change of the total mass of experimental apparatus and the powder by three load cells at the bottom of the vessel and the horizontal channel. For the discussion of this study, we used the data measured by the three load cells to represent the mass of the transported powder. The air pressures at the bottom of the vessel and the horizontal channel were measured by the pressure sensor. The change of bed height of powder in a vessel during the powder conveying was recorded by a laser displacement sensor. Output signals from the load cells, the pressure sensors, a laser displacement sensor and the mass flow controllers were stored every 50ms, and the measuring time for each experiment was 180 seconds. Table 1 shows the particle properties of two glass beads where dp is the mean particle diameter, p is the particle density and umf is the minimum fluidizing velocity. The glass beads belong to Geldart B particle [7] was used in this study. Also, in the previous study, we investigated to the powder conveying of Geldart A particle using fluidizing air [16] [17] . From this table, we confirmed that the mean particle diameter and the minimum fluidizing velocity were different to the both particles. Therefore, we could be inspected the effect of the particle properties to the powder conveying using the fluidization. Table 2 shows the experimental conditions in our study where Mpi is the initial value of mass of powder in a powder discharge vessel, Qh and Qt are the flow rate of air at the bottom of the powder discharge vessel and the horizontal channel. Further, uh/umf and ut/umf are the dimensionless air velocity at the bottom of the vessel and the horizontal channel where uh and ut were calculated from the flow rate of air and the cross sectional area, respectively. 
Results and discussions
Fig .2 shows the time histories of mass of transported powder when the fluidizing air was supplied to the bottom of the powder discharge vessel and the horizontal channel. The conveyed powder was the glass beads B, Mp is the mass of transported powder and t is the elapsed time. As the experimental condition of this figure, the dimensionless fluidizing velocity at the bottom of the vessel was kept constant, uh/umf=1.0, and the dimensionless fluidizing velocity to the horizontal channel ut/umf was changed from 0.898 to 3.85. We found that the powder could not be conveyed when the fluidizing velocity at the bottom of the horizontal channel was lower than the minimum fluidizing velocity. Also, the powder conveying in this condition was not enough that the fluidizing velocity at the bottom of the horizontal channel was close to the minimum fluidizing velocity. On the other hand, we confirmed that the mass of transported powder increased rapidly when the fluidizing velocity at the bottom of the horizontal channel surpassed the minimum fluidizing velocity. In addition, we noticed that the profile of the transported powder against the elapsed time was almost the same as the dimensionless fluidizing velocity at the bottom of the horizontal channel exceeded 2.567. These results were obtained to other experimental conditions in this study and the previous study using the glass beads A of 53 m [16] [17] . Fig.3 shows the result of the judgement on the state of the powder conveying of the glass beads B where the fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel were changed. We defined that the judgment of the powder conveying created the figure of the time histories of the mass of the transported powder as shown in Fig.2 , and it classified into the following four powder flow. When the powder could not be conveyed, it plotted as no conveying in Fig.3 . This powder flow appeared when the fluidizing air at the bottom of the powder discharge vessel was not supplied. Also, the mass of the transported powder increased linearly with the increase in the elapsed time. However, the amount of the mass of the transported powder was smaller than that of the initial mass of the powder in the vessel. These profiles appeared that ut/umf was changed from 0.898 to 1.283 in Fig.2 and that seemed to the almost linear change. This flow expressed with the linear conveying in Fig.3 . Further, the intermediate powder conveying showed into Fig.3 . This flow mode defined that the mass of the transported powder was larger than that of the linear conveying. In addition, the stable conveying of the fluidized powder was also represented in Fig.3 . This flow region could be confirmed when ut/umf exceeded 2.567 in Fig.2 . These profiles of the mass of the powder against the elapsed time were almost the identical profiles. From the result in Fig.3 , we comprehended the requirement that the fluidizing air to the bottom of the vessel was required to the powder conveying of this system, and that the fluidizing velocity at the bottom of the horizontal channel was larger than that of the minimum fluidizing velocity. These results were also obtained the previous study using Geldart A particle [17] . Fig.4 shows the relationship between the maximum mass flow rate of the powder Gsmax and the dimensionless fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel where the conveying powder was the glass beads B of 127 m. The mass flow rate of the powder represented the gradient of the mass of the powder against the elapsed time as shown in Fig.2 . The gradient of the mass of the transported powder in Fig.2 varied the increase in elapsed time. Therefore, it was calculated to the interval of 2.5 seconds from the beginning of powder conveying on each experiment data. The data analysis of the mass flow rate of powder in this study performed between 0 and 90 seconds of elapsed time. Fig.4 plotted the maximum value of the analyzed mass flow rate on each experimental condition. The maximum mass flow rate of the glass beads B increased rapidly when the fluidizing velocity at the bottom of the horizontal channel exceeded the minimum fluidizing velocity. Further, the mass flow rate increased with increasing the fluidizing velocity at the bottom of the horizontal channel. Also, the mass flow rate has taken the constant value, or it decreased gradually with increasing the fluidizing velocity at the bottom of the horizontal channel. In addition, the maximum mass flow rate of powder increased with increasing the fluidizing velocity at the bottom of the powder discharge vessel. When the fluidizing velocity at the bottom of the vessel exceeded the minimum fluidizing velocity, the change of the maximum mass flow rate against the fluidizing velocity at the bottom of the horizontal channel was almost similar.
Fig .5 shows the maximum solid loading ratio against the dimensionless fluidizing velocity at the bottom of the horizontal channel where the dimensionless fluidizing velocity at the bottom of the powder discharge vessel was also changed. The maximum solid loading ratio mmax was calculated by the following definition. where Ga is the total mass flow rate of the supplied air on each experimental condition, a is the density of air, Qh and Qt are the flow rate of air to the powder discharge vessel and the horizontal channel, respectively. As the result in Fig.5 , the maximum solid loading ratio increased rapidly with increasing the fluidizing velocity at the horizontal channel, and it reached the maximum value. Also, the maximum solid loading ratio decreased suddenly with the increase in the fluidizing velocity at the bottom of the horizontal channel. In addition, an increase in the maximum solid loading ratio increased with increasing the fluidizing velocity at the bottom of the vessel. Further, the profile of the maximum solid loading ratio was almost same as well as the result of the maximum mass flow rate of powder. Fig.6 shows the maximum mass flow rate of the different particles where the dimensionless fluidizing velocities at the bottom of the vessel and the horizontal channel were changed. In this figure, the maximum mass flow rate of both powder increased with increasing the fluidizing velocity at the bottom of the horizontal channel. Further, the maximum mass flow rate against the increase in the fluidizing velocity at the bottom of the horizontal channel has taken the constant value, or it decreased gradually with increasing the fluidizing velocity at the bottom of horizontal channel. Further, we confirmed that the maximum mass flow rate of the glass beads A of 53 m was larger than that of the glass beads B of 127 m. Fig.7 shows the maximum solid loading ratio of the different particles against the change of the fluidizing velocities at the bottom of the vessel and the horizontal channel. As the result in Fig.7 , the maximum solid loading ratio of the glass beads A of 53 m was greatly high to that of the glass beads of 127 m. Therefore, we found that the high transport efficiency to the small particle was obtained, when the dimensionless fluidizing velocities at the bottom of the vessel and the horizontal channel were same condition. 
Conclusion
The fluidized powder conveying of two glass beads belong to A and B particle in the Geldart classification has been experimentally studied. In addition, the conveying characteristics of the different particles were compared when the fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel were varied. We obtained the following results to the characteristics of powder conveying.
(1) We comprehended the requirement that the fluidizing air to the bottom of the powder discharge vessel was required to the powder conveying of this system, and that the fluidizing velocity at the bottom of the horizontal channel was larger than that of the minimum fluidizing velocity. Therefore, the air supply to the bottom of the vessel and the horizontal channel was significant greatly in this system. (2) The mass flow rate and solid loading ratio of Geldart A particle were larger than that of Geldart B particle. Therefore, we considered that the high transport efficiency to the small particle was obtained, when the dimensionless fluidizing velocities at the bottom of the powder discharge vessel and the horizontal channel were same condition.
